23 24 25 26 * Corresponding authors: emily.flashman@chem.ox.ac.uk, +44(0)1865 275920 27 nico.dissmeyer@ipb-halle.de, ++49 (0) 345 5582 1710 28 Keywords 29 cysteine dioxygenase; ethylene response factors; plant hypoxia; N-end rule pathway; arginyl 30 transferase; E3 ubiquitin ligase; proteostasis 31 32 33 Abbreviations 34 PCO, plant cysteine oxidase; ATE, arginyl tRNA transferase; ERF-VII, group VII 35 ETHYLENE RESPONSE FACTOR; 2OG, 2-oxoglutarate; NMR, nuclear magnetic 36 resonance; Met, methionine; NME, N-terminal Met excision; Nt, N-terminal; NO, nitric 37 oxide; HIF, hypoxia-inducible factor; PHD, prolyl hydroxylase; MALDI-MS, matrix-38 assisted laser desorption/ionization-mass spectrometry; LC-MS, liquid chromatography-mass 39 spectrometry; HRE, HYPOXIA RESPONSIVE ERF; RAP, RELATED TO APETALA2; 40 EBP, ETHYLENE RESPONSE FACTOR 72; CDO, cysteine dioxygenase; MAP, Met-41 aminopeptidase. 42 43 44 45 White M et al. 2 Abstract 46 47 Crop yield loss due to flooding is a threat to food security. Submergence-induced 48 hypoxia in plants results in stabilisation of group VII ETHYLENE RESPONSE 49 FACTORS (ERF-VIIs), which aid survival under these adverse conditions. ERF-VII 50 stability is controlled by the N-end rule pathway, which proposes that ERF-VII N-51 terminal cysteine oxidation in normoxia enables arginylation followed by proteasomal 52 degradation. The PLANT CYSTEINE OXIDASEs (PCOs) have been identified as 53 catalysts of this oxidation. ERF-VII stabilisation in hypoxia presumably arises from 54 reduced PCO activity. We directly demonstrate that PCO dioxygenase activity produces 55 Cys-sulfinic acid at the N-terminus of an ERF-VII peptide, which then undergoes 56 efficient arginylation by an arginyl transferase (ATE1). This is the first molecular 57 evidence showing N-terminal Cys-sulfinic acid formation and arginylation by N-end 58 rule pathway components, and the first ATE1 substrate in plants. The PCOs and ATE1 59 may be viable intervention targets to stabilise N-end rule substrates, including ERF-60 VIIs to enhance submergence tolerance in agronomy. 62 63 All aerobic organisms require homeostatic mechanisms to ensure O 2 supply and demand are 64 balanced. When supply is reduced (hypoxia), a hypoxic response is required to decrease 65 demand and/or improve supply. In animals, this well characterized response is mediated by 66 the Hypoxia-Inducible transcription Factor (HIF), which upregulates genes encoding for 67 vascular endothelial growth factor, erythropoietin and glycolytic enzymes amongst many 68 others. 1-3 Hypoxia in plants is typically a consequence of reduced O 2 diffusion under 69 conditions of waterlogging or submergence, or inside of organs such as seeds, embryos, or 70 floral meristems in buds where the various external cell layers act as diffusion barriers. 71 Although plants can survive temporary periods of hypoxia, flooding negatively impacts on 72 plant growth, and if sustained it can result in plant damage or death 4 . This has a major impact 73 on crop yield; for example, flooding resulted in crop loss costing $3 billion in the U.S. in 74 2011. 5 As climate change results in increased severe weather events including flooding 4 , 75 strategies to address crop survival under hypoxic stress are needed to meet the needs of a 76 growing worldwide population. 77 78 The response to hypoxia in rice, Arabidopsis, and barley is known to be mediated by the 79 group VII ETHYLENE RESPONSE FACTORs (ERF-VIIs). 6-11 It has been found that these 80 transcription factors promote the expression of core hypoxia-responsive genes, including 81 those encoding alcohol dehydrogenase and pyruvate decarboxylase that facilitate anaerobic 82 metabolism. 12,13 Crucially, it was shown, initially in Arabidopsis, that the stability of the 83 ERF-VIIs is regulated in an O 2 -dependent manner via the Arg/Cys branch of the N-end rule 84 pathway, which directs proteins for proteasomal degradation depending on the identity of 85 their N-terminal amino acid. 14-16 Thus, a connection between O 2 availability and the plant 86 White M et al. 4 hypoxic response was identified. 11,17,18 The Arabidopsis ERF-VIIs are translated with the 87 conserved N-terminal motif MCGGAI/VSDY/F 4 and co-translational N-terminal methionine 88 excision, catalyzed by Met amino peptidases (MAPs) 19,20 , leaves an exposed N-terminal Cys 89
. Both PCO1 and PCO4 were found to be monomeric in solution 149 and to co-purify with substoichiometric levels of Fe(II) (~0.3 atoms Fe(II) per monomer, Only under aerobic conditions and in the presence of PCO1 or PCO4, did the 159 spectra reveal the appearance of two species with mass increases of +32 Da and +48 Da, 160 corresponding to two or three added O atoms, suggesting an O 2 -dependent reaction for PCOs 1 and 4 (Figure 1b) , as previously shown for PCOs 1 and 2 (note that supplementation of 162 Fe(II) and/or addition of ascorbate was not required for the end-point PCO1/4 activity assays 163 conducted in this study). 28 These mass shifts were deemed to be consistent with enzymatic 164 formation of Cys-sulfinic (CysO 2 , +32 Da) and Cys-sulfonic acid (CysO 3 , +48 Da; 165 Supplementary Figure 1) . Although homology between the PCOs and CDOs 28,30 leads to 166 the predisposition that they will perform similar chemistry (i.e. catalyse Cys sulfinic acid 167 formation), both Cys-sulfinic and Cys-sulfonic acid are proposed to be Arg transferase 168 substrates in the Arg/Cys branch of N-end rule mediated protein degradation and therefore 169 both were considered as potential products of the PCO-catalysed reaction. 14 No additional mass was observed in the peak corresponding to the Cys-sulfonic acid, raising 188 the possibility that the +48 Da species observed by MALDI-MS is not enzymatically formed.
189
Importantly, following incubation in the presence of H 2 18 O no additional mass was observed 190 in the peak corresponding to Cys-sulfinic acid, confirming that this species is a product of a 191 reaction where molecular O 2 is a substrate (Figure 2b) . ATE1 arginylates acidic N-termini including Cys-sulfinic acid 241 We next sought to confirm that the PCO-catalyzed Cys-oxidation to Cys-sulfinic acid renders 242 a RAP2 peptide capable of and sufficient for onward modification by ATE1. Cys-sulfinic 243 acid has been proposed as a substrate for ATE1 on the basis of its structural homology with 244 known ATE1 substrates Asp and Glu, but evidence has only been reported to date for 245 arginylation of Cys-sulfonic acid. 32, 33 We further sought to validate the role of a plant ATE1:
246
To date ATE1 has been suggested to be responsible for transfer of 3 H-arginine to bovine α- Arg/Cys N-end rule pathway and has also recently been reported using a similar assay with 259 mouse ATE1. [14] [15] [16] 35 Crucially, in the absence of PCO1/4, RAP2 2-13 with an N-terminal Cys was not an acceptor of arginine transfer by ATE1, yet when either PCO1 or PCO4 was 261 incorporated in the reaction, significant ATE1 transferase activity was observed (Figure 4a) . 262 To confirm that the increased detection of radiolabelled arginine corresponded to arginyl 263 incorporation at the N-termini of the peptides, the experiment was repeated using non- been demonstrated between O 2 concentration and PCO activity, 28 but it will be of interest to proteolysis. [14] [15] [16] Collectively therefore, we present the comprehensive molecular evidence 337 confirming the Cys-oxidation and subsequent arginylation steps of the Arg/Cys branch of the 338 N-end rule pathway. 32, 33, 37 We also confirm that ATE1 is able to selectively arginylate, as 339 predicted, 33 acidic N-terminal residues of plant substrates, including Cys-sulfonic acid. minutes before products were analysed by MALDI-MS as described above. 
